Background: Patients with acute non-traumatic abdominal pain often undergo abdominal computed tomography (CT). However, abdominal CT is associated with high radiation exposure. Purpose: To evaluate diagnostic performance of a reduced-dose 100 kVp CT protocol with advanced modeled iterative reconstruction as compared to a linearly blended 120 kVp protocol for assessment of acute, non-traumatic abdominal pain. Material and Methods: Two radiologists assessed 100 kVp and linearly blended 120 kVp series of 112 consecutive patients with acute non-traumatic pain (onset < 48 h) regarding image quality, noise, and artifacts on a five-point Likert scale. Both radiologists assessed both series for abdominal pathologies and for diagnostic confidence. Both 100 kVp and linearly blended 120 kVp series were quantitatively evaluated regarding radiation dose and image noise. Comparative statistics and diagnostic accuracy was calculated using receiver operating curve (ROC) statistics, with final clinical diagnosis/clinical follow-up as reference standard. Results: Image quality was high for both series without detectable significant differences (P ¼ 0.157). Image noise and artifacts were rated low for both series but significantly higher for 100 kVp (P 0.021). Diagnostic accuracy was high for both series (120 kVp: area under the curve [AUC] ¼ 0.950, sensitivity ¼ 0.958, specificity ¼ 0.941; 100 kVp: AUC ! 0.910, sensitivity ! 0.937, specificity ¼ 0.882; P ! 0.516) with almost perfect inter-rater agreement (Kappa ¼ 0.939). Diagnostic confidence was high for both dose levels without significant differences (100 kVp 5, range 4-5; 120 kVp 5, range 3-5; P ¼ 0.134). The 100 kVp series yielded 26.1% lower radiation dose compared with the 120 kVp series (5.72 AE 2.23 mSv versus 7.75 AE 3.02 mSv, P < 0.001). Image noise was significantly higher in reduceddose CT (13.3 AE 2.4 HU versus 10.6 AE 2.1 HU; P < 0.001). Conclusion: Reduced-dose abdominal CT using 100 kVp yields excellent image quality and high diagnostic accuracy for the assessment of acute non-traumatic abdominal pain.
Introduction
Diagnostic workup of patients presenting with acute non-traumatic abdominal pain regularly includes diagnostic imaging such as abdominal ultrasound, plain radiographs, or computed tomography (CT). Given the limited sensitivity of plain radiographs and abdominal ultrasound (1, 2) , abdominal CT is often performed for detection of serious pathologies causing acute abdominal pain.
A major drawback of abdominal CT is the high associated radiation exposure, which has been subject to research over recent years (3) (4) (5) (6) (7) . For instance, a randomized controlled trial showed that low-dose CT is noninferior to standard-dose CT for the detection of acute appendicitis (4) . Other studies indicate the suitability of low-dose CT for the assessment of further acute abdominal pathologies such as renal colic (8, 9 ). However, the wide variety in presentation of non-traumatic abdominal pain as well as the huge spectrum of associated diseases often makes it difficult for emergency physicians to define a leading differential diagnosis for acute abdominal pain. Thus, results of prior research on low-dose CT for particular pathologies (e.g. appendicitis, renal colic) cannot be generalized to other causes of acute abdominal pain. In fact, it remains unclear whether low-dose CT is suitable to serve as a standard imaging modality in acute non-traumatic abdominal pain regardless of the suspected cause.
Recent developments in CT allow a decrease of radiation exposure while maintaining diagnostic image quality. Improved detector technology with increased numbers of detector channels, adaptive dose shields, and improved scatter grids, for example, allow a substantial radiation dose reduction without compromising image quality (10) . Furthermore, advanced iterative image reconstruction algorithms increase image quality and therefore enable further radiation dose reduction (11, 12) . The abovementioned developments have mainly been evaluated technically and have not been sufficiently evaluated in clinical settings. Patients with acute non-traumatic abdominal pain, for example, could benefit from these technical developments in terms of radiation dose reduction. We hypothesize that these technical developments allow radiation dose reduction in CT imaging of patients with acute non-traumatic abdominal pain without compromising the diagnostic accuracy of the detection of acute abdominal pathologies.
Therefore, the purpose of this retrospective intraindividual study was to determine image quality, diagnostic confidence, and diagnostic accuracy of a reduced-dose intermediate tube voltage (100 kVp) CT protocol with advanced modeled iterative reconstruction for the assessment of acute non-traumatic abdominal pain as compared to a standard-dose linearly blended 120 kVp series.
Material and Methods Patients
The institutional review board of the hospital approved this retrospective study and waived requirement for informed consent. During a three-month period (August-December 2015), we identified all consecutive patients with non-traumatic abdominal pain, who underwent routine abdominal CT in our hospital regardless of the referring department. Patients were included if they met the following inclusion criteria: (i) age > 18 years; and (ii) acute abdominal pain (onset < 48 h). Exclusion criteria were: (i) undocumented final clinical diagnosis; and (ii) lack of a clinical follow-up in patients with negative CT findings. A flowchart of the inclusion process is given in Fig. 1 .
CT data acquisition
CT imaging was performed on a third-generation dual source CT scanner (SOMATOM Õ Force; Siemens Healthineers; Erlangen, Germany) in dual-energy mode. Dual-energy CT is acquired with two different tube voltages and enables tissue decomposition in diagnostic imaging. Patients were positioned supine, examinations were planned on anterior-posterior scout images, and CT images were acquired in craniocaudal direction. Data were obtained 90 s after administration of a body weight adapted amount of contrast agent (Imeron 400, Bracco, Konstanz, Germany) through an antecubital vein catheter at a flow rate of 2.2 mL/s using a dual-syringe injector (CT Stellant, On the basis of the dual-energy CT scan, two image series were reconstructed: (i) 100 kVp series; and (ii) linearly blended 120 kVp series by linearly merging 80% of the 100 kVp series and 20% of the 150 Sn kVp data. All images were reconstructed using advanced modeled iterative reconstruction (ADMIRE; Siemens Healthineers) at level 2 with soft convolution kernel (Br40d). Axial and coronal reconstructions of linearly blended 120 kVp and 100 kVp images with a slice thickness of 3 mm were computed and used for further analysis.
Radiation dose assessment
The volume CT dose index (CTDIvol) and dose-length product (DLP) for the whole scan (standard dose) were derived from the dose protocol of the scanner for all patients. For the A series (i.e. 100 kVp scan), DLP was calculated based on patient-specific tube current used CTDI100 (mGy/100 mAs) as given by the vendor. The following formula was used for DLP calculation:
Effective radiation dose (E) was estimated by multiplying DLP by a conversion factor (CF) of 0.015 mSv Â mGy -1 Â cm -1 (E ¼ DPL Â CF) based on recent recommendations (13) .
Quantitative image analysis
Noise levels were determined by one reader (AO) in both 100 kVp and linearly blended 120 kVp series using dedicated post-processing software provided by the manufacturer (syngo.via, Siemens Healthineers). Four circular regions of interest (ROI) with a surface of 200 mm 2 were placed on the axial images in the dorsal subcutaneous fat tissue (two on each side) at the level of the umbilicus. ROIs were set at the exact same position in both series by copying the ROI from the one series and pasting them into the other series. Noise level was defined as the standard deviation (SD) of HU values in the ROIs.
Qualitative image analysis
All CT images were anonymized. Image quality of both series was rated in a randomized order by two radiologists (AO and MB, both with four years of experience in abdominal imaging), who were blinded towards patient name, age, radiation dose, and medical history, as well as towards all results of physical examinations, laboratory tests, and other imaging. The time interval between assessment of standard-dose and reduced-dose images of each patients was seven months. Qualitative assessment was performed on a dedicated post-processing workstation (syngo.via, Siemens Healthineers). On a five-point Likert scale, both readers evaluated overall image quality ( 
, and the presence of image artifacts ( 
Diagnostic assessment
For diagnostic assessment, both radiologists (AO, MB) assessed both series (100 kVp and linearly blended 120 kVp) independently and in a randomized order. The time interval between assessment of standarddose and reduced-dose images of each patients was seven months. Both readers were blinded towards patient name, age, radiation dose, and medical history, as well as towards all results of physical examinations, laboratory tests, and other imaging. Both axial and coronal planes were used for diagnostic assessment. Diagnostic assessment was also performed on a syngo.via workstation. Readers had to: (i) assess presence/absence of abdominal pathologies which could contribute to acute abdominal pain, and, if positive, (ii) describe the present pathology. Furthermore, readers rated the diagnostic confidence based on the CT images.
Reference standard
The final clinical diagnosis was determined by an independent committee based on all information available at discharge and during a three-month follow-up period, including clinical examination, laboratory findings, imaging findings (non-CT), medical history, and surgical findings during the index hospitalization and events during the post-hospitalization period.
Cases were considered positive if patients with acute abdominal pain needed surgery (e.g. appendectomy in case of appendicitis, etc.) or medical management (e.g. antibiotics, etc.) to improve their clinical condition.
Cases were considered negative if a patient's condition improved without surgical or medical treatment except for analgesics with a three-month follow-up period without registered occurrence of events, which included patient history and clinical examination.
Cases were considered lost to follow-up if no followup data of the patients were available within the following three months.
After correlation with the abovementioned reference standard, diagnostic accuracy of both CT series was calculated.
Statistical analysis
Statistical analyses were performed using SPSS version 22 (SPSS Inc., Chicago, IL, USA). Descriptive values were described in mean AE standard deviation or median and range. After testing for normal data distribution, radiation dose and image noise were compared intraindividually between 100 kVp and linearly blended 120 kVp series using student's t-test for paired samples. For comparison of qualitative scores, non-parametric Wilcoxon signed-rank test for paired samples was performed. Area under the curve (AUC), sensitivity, and specificity for detection of underlying pathologies on both series and the corresponding 95% confidence intervals (CI) were calculated using receiver operating characteristic (ROC) analysis with final clinical diagnosis as reference standard. 
Results

Patients
During the period August-December 2015, 116 patients met the abovementioned inclusion criteria. Four patients with negative findings were excluded as they were lost to follow-up (3.4%), resulting in a final sample size of 112 patients (51.8% women, 48.2% men; mean age ¼ 59.1 AE 17 years, body mass index ¼ 27.5 AE 4.8 kg/m 2 ). Among these, 95 patients had a clinically confirmed pathology associated to acute abdominal pain (84.8%). Of these patients, 85 were hospitalized, from which the majority had acute gastrointestinal disease (e.g. appendicitis n ¼ 15, diverticulitis n ¼ 24). Surgical treatment was performed in 50 patients. Further information regarding final clinical diagnoses is provided in Fig. 1 
Radiation dose assessment
CTDIvol was 9.97 AE 3.54 mGy for linearly blended 120 kVp series and 7.23 AE 2.61 mGy for 100 kVp series. DLP was 516.8 AE 201.5 mGy*cm for linearly blended 120 kVp series and 381.7 AE 148.8 mGy*cm for 100 kVp series. The effective dose was 7.75 AE 3.02 mSv for linearly blended 120 kVp series and 5.72 AE 2.23 mSv for 100 kVp series. 100 kVp series yielded 26.1% lower radiation dose compared to linearly blended 120 kVp series (P < 0.001).
Image quality
Mean image noise was significantly higher for 100 kVp series compared with linearly blended 120 kVp series (13.3 AE 2.4 HU versus 10.6 AE 2.1 HU, P < 0.001, Fig. 2 ). Overall image quality was rated high in both linearly blended 120 kVp and 100 kVp series (120 kVp median 5, range 4-5; 100 kVp median 5, range [3] [4] [5] . No significant differences regarding overall image quality were found between both series (P ¼ 0.157). Image quality scores by both readers showed an excellent inter-rater agreement (ICC ¼ 0.811, P < 0.001).
In the qualitative assessment, image noise was rated low for both datasets but significantly lower for linearly blended 120 kVp series compared to 100 kVp series (linearly blended 120 kVp series median 5, range 3-5; 100 kVp series median 5, range 3-5; P < 0.001). Noise evaluation by both readers showed an excellent inter-rater agreement (ICC ¼ 0.889, P < 0.001).
Image artifacts were also rated low for both datasets but also significantly lower for linearly blended 120 kVp series compared to 100 kVp series (120 kVp median 5, range 3-5; 100 kVp median 5, range 3-5; P ¼ 0.021). Artifact ratings by both readers showed an excellent inter-rater agreement (ICC ¼ 0.973, P < 0.001).
Examples of patients and pathologies are given in Figs. 3 and 4. 
Diagnostic assessment
On linearly blended 120 kVp series, both readers correctly identified 91 of the 95 patients with positive findings (four false negative findings), and classified one patient as positive (false positive), who was clinically considered negative, resulting in an AUC of 0.950 with (95% CI ¼ 0.881-1.00, sensitivity ¼ 0.958, specificity ¼ 0.941) (Table 2, Fig. 5 ).
In the 100 kVp series, reader A correctly identified 89 of the 95 patients with positive findings (six false negative findings), and classified two patients as positive (false positive), who were clinically considered negative, resulting in an AUC of 0.910 (95% CI ¼ 0.816-1.00, sensitivity ¼ 0.937, specificity ¼ 0.882) ( Table 2 , Fig. 5 ). Reader B correctly identified 91 of the 95 patients with positive findings (four false negative Table 2 . Diagnostic accuracy, sensitivity and specificity with corresponding 95% CIs for both dose levels (i.e. both series) and both readers. findings), and classified two patients as positive (false positive), who were clinically considered negative, resulting in an AUC of 0.920 (95% CI ¼ 0.828-1.00, sensitivity ¼ 0.958, specificity ¼ 0.882) ( Table 2 , Fig. 5 ). No significant differences were found between AUCs from both readers and both series (P ! 0.516) ( Table 2) .
For both readers and both series, almost perfect inter-rater agreement was observed (Kappa ¼ 0.939) ( Table 2) .
Diagnostic confidence for detection/exclusion of pathological findings was rated high for both dose levels (median 5, range 3-5 in 120 kVp and median 5, range 4-5 in 100 kVp). No significant differences regarding diagnostic confidence were detected between the different series (P ¼ 0.134). Confidence ratings by both readers showed an excellent inter-rater agreement (ICC ¼ 0.857, P < 0.001).
Discussion
In the present study, we aimed to assess the suitability of a reduced-dose CT protocol for assessment of acute, non-traumatic abdominal pain. The protocol, which was reconstructed from the standard-dose DECT consisted of an intermediate tube voltage (100 kVp), a tube current of 190 ref mAs, and included advanced modeled iterative reconstruction. We hypothesized that this protocol allows radiation dose reduction in patients with acute non-traumatic abdominal pain without compromising the diagnostic accuracy of the detection of acute abdominal pathologies.
The used protocol resulted in a high overall image quality with dose levels of approximately 5.7 mSv. Noise levels and amounts of artifacts (mainly beam hardening/scatter artifacts) were expectedly higher on reduced-dose 100 kVp series compared to linearly blended 120 kVp series. However, perceived overall image quality and diagnostic confidence of the 100 kVp datasets were rated high by both readers and did not suffer from the elevated noise levels.
Using the 100 kVp protocol, both readers identified most positive and negative cases correctly yielding a high diagnostic accuracy, which was not significantly inferior to the diagnostic accuracy of standard CT. These findings indicate that our model for reduceddose CT with an effective radiation dose of approximately 5.7 mSv is equivalent to standard-dose CT for assessment of acute non-traumatic abdominal pain on a broader basis. However, it is important to note that these results cannot be transferred to all CT scanners. Prior studies have shown the suitability of reduceddose CT for assessment of several acute abdominal pathologies. For instance, a randomized controlled trial has shown that low-dose CT is non-inferior to standard-dose CT regarding detection of acute appendicitis (4) . Further studies have shown the applicability of low-dose CT in assessment of other acute abdominal pathologies such as renal colic (9, (14) (15) (16) and diverticulitis (17, 18) . However, these studies utilized low-dose CT data with severely compromised image quality compared to standard-dose CT. In clinical practice, the cause of acute non-traumatic pain is often unclear; in such cases, high quality CT images are required to assess/rule out many differential diagnoses. Conversely, the majority of feasibility studies on novel dose reduction CT techniques focus on image quality aspects rather than diagnostic performance (14, 19, 20) . However, assessment of actual diagnostic performance is required prior to implementation of reduced-dose CT in combination with the modern acquisition and reconstruction techniques. The rationale of the present study was to reduce radiation dose while maintaining diagnostic image quality as well as diagnostic performance in the general settings of acute abdominal pain regardless of the suspected clinical diagnosis.
Radiation dose reduction is a central topic in CT imaging. It is important to adhere to the ''as low as reasonably achievable'' (ALARA) principle. Radiation dose reduction should not result in deterioration of diagnostic accuracy of the CT images. If ALARA is taken into account, low-dose CT potentially results in lower radiation risk without deterioration of diagnostic performance.
Utilization of a modern CT scanner with improved detector performance and the combination of 100 kVp imaging, intermediate tube current levels, and modelbased iterative reconstruction allowed acquisition of high quality CT images at radiation doses as low as 5.7 mSv with comparable diagnostic performance to standard-dose images. Based on our findings, it is likely that images with acceptable quality can be achieved, even with further reduction of radiation dose. Conceivably, utilizing automatic tube voltage selection (i.e. Care kV) in combination with intermediate tube current levels and model-based reconstruction might allow acquisition of high quality images at lower radiation doses (21) (22) (23) . This approach needs to be evaluated in further studies.
This study has limitations. The small sample size is the major limitation of this study, since it might not be sufficient in order to cover all possible causes of acute abdominal pain. Furthermore, we included only contrast enhanced CTs in this study and we did not assess the low-dose CT protocol for unenhanced CT studies.
Another limitation of this study is its retrospective design, which may be associated with selection bias. However, to minimize selection bias, a consecutive patient inclusion, as well as an intra-patient design, was selected for comparison of 100 kVp and linearly blended 120 kVp series. However, further prospective evaluations are needed before transferring the results of this study to clinical routine.
In conclusion, reduced-dose abdominal CT using 100 kVp and advanced modeled iterative reconstruction yields excellent image quality and high diagnostic accuracy for the assessment of acute non-traumatic abdominal pain as observed in our small cohort. Further prospective evaluation in larger populations is needed to confirm our findings.
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